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QUANTUM APPROXIMATE OPTIMIZATION 
ALGORITHM (QAOA)
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§ QAOA prepares a parameterized “trial” (ansatz) state of the form:
<latexit sha1_base64="XVOQJsoULnSkKmtC4GC+B7JTxOg="></latexit>
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APPLICATION

§ Assume each gate is followed by 1-qubit noise with probability p
§ No advantage at depth p-1 [1]

Error Mitigation for QAOA by Leveraging Problem Symmetries

3 [1] arXiv:2009.05532
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Some error mitigation is required for quantum advantage in 
optimization (and elsewhere, probably)



APPLICATION

§ In practice, no more than a a few layers of QAOA can be executed

Error Mitigation for QAOA by Leveraging Problem Symmetries
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES
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Theorem 1 Consider a symmetry                acting as                                               
s.t. . Then solution probability amplitudes are invariant under 
this symmetry:
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<latexit sha1_base64="VrV+wCSlZcUWNlnkzbZe9mmR1Gs="></latexit>

A 2 S2n
<latexit sha1_base64="sukkjgFhrqBmORZvvnUt01XlpTU="></latexit>

A|xi = |a(x)i, x 2 {0, 1}n
<latexit sha1_base64="zcbyLAxz0oY1Egclgk1KIjy1jzs="></latexit>

[A,C] = 0 = [A,B]
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hx | �,�ip = ha(x) | �,�ip, 8�,�, p
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES
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Theorem 1 Consider a symmetry                acting as                                               
s.t. . Then solution probability amplitudes are invariant under 
this symmetry:

And the QAOA state is stabilized by    :

7

<latexit sha1_base64="VrV+wCSlZcUWNlnkzbZe9mmR1Gs="></latexit>

A 2 S2n
<latexit sha1_base64="sukkjgFhrqBmORZvvnUt01XlpTU="></latexit>

A|xi = |a(x)i, x 2 {0, 1}n
<latexit sha1_base64="zcbyLAxz0oY1Egclgk1KIjy1jzs="></latexit>

[A,C] = 0 = [A,B]

<latexit sha1_base64="JJwmqgtc+MzHidlGa5qwYpMsHAQ="></latexit>

hx | �,�ip = ha(x) | �,�ip, 8�,�, p

<latexit sha1_base64="VrV+wCSlZcUWNlnkzbZe9mmR1Gs="></latexit>

A 2 S2n

<latexit sha1_base64="JpWjkIBBCCHAdSDFXmS5WaCDfLo="></latexit>

A |�,�ip = |�,�ip , 8�,�, p

arXiv:2106.04410



ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES
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§ The QAOA state is stabilized by     with eigenvalues ±1:
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§ The QAOA state is stabilized by     with eigenvalues ±1:

§ Therefore, projection onto the +1 eigenspace of     stabilizes the QAOA state:
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES
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§ The QAOA state is stabilized by     with eigenvalues ±1:

§ Therefore, projection onto the +1 eigenspace of     stabilizes the QAOA state:

Idea: perform projector-valued measurement         on QAOA state. 
If an error pushed the state out of the symmetry-protected subspace, the 
measurement would project the state back!
Proven to always increases the overlap with true state
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES

§ Symmetry verification circuit:
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Projector 
circuit
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§ Symmetry verification need not be performed at the end of the circuit:
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES
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ERROR MITIGATION BY VERIFICATION OF THE 
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES
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MAXCUT PROBLEM

§ The goal of maximum cut is to split the set of vertices 𝑉
of a graph into two disjoint parts such that
the number of edges spanning two parts is maximized.

§ MaxCut problem is encoded by the following Hamiltonian:

17
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GRAPH SYMMETRIES AND QAOA

Corollary Consider a graph with some label-independent objective function 
defined on its vertex configurations           . Suppose we know a subgroup of graph 
automorphisms                                          . Then QAOA states satisfy:
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AG ✓ Aut(G) ✓ Sn ⇢ S2n
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{0, 1}n
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GRAPH SYMMETRIES AND QAOA

Corollary Consider a graph with some label-independent objective function 
defined on its vertex configurations           . Suppose we know a subgroup of graph 
automorphisms                                          . Then QAOA states satisfy:

Example 
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GRAPH SYMMETRIES AND QAOA
Cont’d
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GRAPH SYMMETRIES AND QAOA
Cont’d
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Equal from graph 
symmetry
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GRAPH SYMMETRIES AND QAOA
Cont’d

22

Equal from graph 
symmetry



GRAPH SYMMETRIES AND QAOA
Cont’d
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Equal from graph 
symmetry

Equal from Pauli X 
symmetry (not a 

permutation of qubits!)



Application to MaxCut
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Equal from Pauli X 

symmetry

Equal from graph 
symmetry

<latexit sha1_base64="rydow5VcSzZU9Iz378hAPImFkAs="></latexit>

A = x⌦ . . .⌦ x

Symmetry 
operator

<latexit sha1_base64="44wFKKPBihtEmPjr/R3q46Ep/Hs="></latexit>

A = swapj,k · · · swapl,m
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Application to MaxCut
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Equal from Pauli X 

symmetry

Equal from graph 
symmetry
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Symmetry 
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Experimental results
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES

Kite 4 nodeStar 4 node

Path 3 nodeComplete 3 node
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Kite 4 nodeStar 4 node

Path 3 nodeComplete 3 node
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES

§ Only depolarizing and thermal 
relaxation error

§ Fidelity improvement in 
simulation shows the potential 
of the proposed methods

Simulation results
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ERROR MITIGATION BY VERIFICATION OF THE 
OBJECTIVE FUNCTION SYMMETRIES

§ Better compilation techniques (e.g. [1]) and better hardware connectivity reduce 
the overhead, leading to higher improvements in fidelity

Overhead of symmetry verification
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(to appear on arXiv)

[1] Sergey Bravyi, Ruslan Shaydulin, Shaohan Hu, Dmitri Maslov. 
Clifford Circuit Optimization with Templates and Symbolic Pauli 
Gates. arXiv:2105.02291
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QUANTUM KERNEL METHODS
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| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i
<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i
<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i

<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i

<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i
<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i
<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i
<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i



QUANTUM KERNEL METHODS
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Data space
(data not separable)

Quantum feature space
(data linearly separable)

Decision boundary
Class 0
Class 1

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i
<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i
<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i
<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i
<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i
<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="nUDKHh3+UUhCbB/8awvvqfgzu6g=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUikqMuCG5cV7AOaUCbTm3boZBJmJkIN+Qm/wK1+gTtx6x/4Af6HkzYL23rgwuGcezmXEySMSuU430ZlbX1jc6u6XdvZ3ds/MA+POjJOBYE2iVksegGWwCiHtqKKQS8RgKOAQTeY3BZ+9xGEpDF/UNME/AiPOA0pwUpLA/PEm4DKvLFMMIHMsV3K83xg1h3bmcFaJW5J6qhEa2D+eMOYpBFwRRiWsu86ifIzLBQlDPKal0rQARM8gr6mHEcg/Wz2fW6da2VohbHQw5U1U/9eZDiSchoFejPCaiyXvUL8z+unKrzxM8qTVAEn86AwZZaKraIKa0gFEMWmmmAiqP7VImMsMFG6sIWUQGBdU9GLu9zCKulc2u6V3bhv1JuNsqEqOkVn6AK56Bo10R1qoTYi6Am9oFf0Zjwb78aH8TlfrRjlzTFagPH1C5QrnYw=</latexit>

| i

<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i

<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i

<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i
<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i
<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| i
<latexit sha1_base64="CwhoFwuFRsKagMt+/iwtghHvMo0="></latexit>

| iMost supervised quantum machine learning models are kernel methods (arXiv:2101.11020)



IMPORTANCE OF BANDWIDTH IN QUANTUM 
MACHINE LEARNING

Bandwidth too large
(underfitting)

Bandwidth too small
(overfitting)

Optimized bandwidth

Decision boundary
Class 0
Class 1

36 arXiv:2111.05451



UNDER- AND OVERFITTING IN QML

§ Varying quantum kernel 
bandwidth controls the 
expressivity of the model

§ Consistent behavior across 
multiple kernels and datasets

§ Analogous to classical rbf
kernel

37
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OPTIMIZING BANDWIDTH IMPROVES 
PERFORMANCE

§ We reproduce results from recent Google 
paper [7] that considers the feature map 
fixed

§ Optimizing bandwidth leads to performance
comparable to best classical methods!

From random guess to state-of-the-art

38
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[7] doi: 10.1038/s41467-021-22539-9
arXiv:2111.05451



PERFORMANCE IMPROVES WITH QUBIT COUNT

§ Previous results show QML performance 
decrease with qubit count [7]

§ With optimized bandwidth, performance 
improves with qubit count

§ No apparent obstacles to quantum 
advantage from exponential 
dimensionality of Hilbert space

39
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NO OBSTACLES FROM LIMITED PRECISION 
AND FINITE SAMPLING
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§ Observed high performance can be achieved even with limited control precision
and sampling noise
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